We have cloned and expressed the 43 kDa N-terminal domain of Leishmania donovani topoisomerase II. This protein has an intrinsic ATPase activity and obeys Michaelis-Menten kinetics. Cross-linking studies indicate that the N-terminal domain exists as a dimer both in the presence and absence of nucleotides. Etoposide, an effective antitumour drug, traps eukaryotic DNA topoisomerase II in a covalent complex with DNA. In the present study, we report for the first time that etoposide inhibits the ATPase activity of the recombinant N-terminal domain of L. donovani topoisomerase II. We have modelled the structure of this 43 kDa protein and performed molecular docking analysis with the drug. Mutagenesis of critical amino acids in the vicinity of the ligand-binding pocket reveals less efficient inhibition of the ATPase activity of the enzyme by etoposide. Taken together, these results provide an insight for the development of newer therapeutic agents with specific selectivity.
INTRODUCTION
The protozoan parasite Leishmania donovani is the causative organism for the clinically important disease visceral leishmaniasis. The current drugs for Leishmania infections are inadequate due to low efficacy and high toxicity, and the problem is further compounded by the increasing prevalence of drugresistant parasites. Current biomedical research always has its focus on the search for newer intervention strategies to control the public health impact of parasitic diseases. Modern development of antiparasitic drugs relies on rational design of substances directed against specific targets. In conjunction with the fact that DNA topoisomerase II is a proven target for clinically useful antitumour and antibacterial drugs [1] , this enzyme has been cloned and sequenced from an array of parasitic organisms including the kinetoplastids [2] . Type II DNA topoisomerase is an enzyme that relieves the torsional stress created in DNA by transcription and replication and enables the segregation of two inter-twined DNA molecules after replication [3] .
All eukaryotic type II topoisomerases are homodimers with three distinct regions/subunit. The N-terminal region has ATPase activity, the central region forms the DNA-binding and cleavage domain and the C-terminus is unconserved [4] . The eukaryotic topoisomerase II seems to have arisen by the fusion of GyrA (gyrase A) and GyrB subunits, which are prokaryotic counterparts of the eukaryotic enzyme. Homology between eukaryotic and prokaryotic enzymes is closest in the region containing the active site of the DNA cleavage (corresponding to the N-terminal domain of GyrA) and the ATPase active site (corresponding to the Nterminal domain of GyrB). The enzyme binds to a segment of DNA (G-segment) and generates a reversible double-strand break to serve as a gateway for the strand passage. The binding of ATP to the ATPase domain leads to dimerization of this domain and closure of the N-terminal protein clamp (N-gate). This movement in the N-terminal clamp can entrap another DNA segment (Tsegment) and initiate a series of conformational changes, namely the passage of the T-segment through the protein-mediated DNA break, the religation of the DNA gate and release of the T-segment through the opening of its C-terminal dimer interface. Recent rapid kinetic measurements have provided further insights into this process [5, 6] .
The epipodophyllotoxins have been the mainstay in medical oncology for a long time, and were eventually shown to target DNA topoisomerase II by stabilizing the transient covalent DNAtopoisomerase II complexes, which results in the generation of lethal DNA double-strand breaks in cells. These events thus convert this essential enzyme into a potential cellular toxin. The type II DNA topoisomerases of the kinetoplastid protozoa are also the targets for a number of antiparasitic agents including the epipodophyllotoxins and bisdioxopiperazines [7] .
Earlier reports indicate that the ATPase activity of topoisomerase II resides in its N-terminal domain. This ATPase activity is present in the 43 kDa N-terminal fragment of GyrB and the 52 kDa N-terminal fragment of human topoisomerase IIα, containing amino acids 1-435 of the intact enzyme [8] [9] [10] . Sequence analysis reveals that 1-385 amino acids of LdTOP2 (L. donovani topoisomerase II) are homologous with the N-terminal fragment of human topoisomerase IIα.
The mechanistic feature of type II DNA topoisomerase of the kinetoplastid parasites is not well studied to date in spite of this enzyme being an important drug target. In the present study, we report the ATPase activity of the 43 kDa N-terminal recombinant enzyme of LdTOP2 containing amino acid residues 1-385. Here, a biochemical approach has been undertaken to identify the interaction of ATP and etoposide with the 43 kDa protein. The presence of etoposide strongly inhibits the ATPase activity of the 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (email hkmajumder@iicb.res.in).
recombinant protein. Using the molecular modelling approach, we examined a plausible structure for the N-terminal domain of LdTOP2 on the basis of the crystal structure of GyrB from Thermus thermophillus [11] and simulated the docking of etoposide within the ATP-binding pocket. Subsequently, amino acids that were predicted to contact the drug and ATP were mutated. We detected significant changes in the ATPase activity of the mutated proteins. This study provides the first insight into the mechanistic pathway of the N-terminal domain of LdTOP2 and delineates the features differentiating the parasite enzyme from its prokaryotic and eukaryotic counterparts.
MATERIALS AND METHODS

Plasmid construction and mutagenesis
The 1.1 kb N-terminal fragment and the 3.7 kb full-length LdTOP2 were cloned in NdeI/BamHI and BamHI/HindIII sites of pET16b and pET28c using sense primers 5 -GGGAATTC-CATATGACAGACGCTTCCAAG-3 and 5 -CGGGATCCTCAT-GACAGACGCTTCCAAG-3 , and antisense primers 5 -CGGG-ATCCCGCCTCCAGAAACGGCAT-3 and 5 -CCCAAGCTT-CATCAAAACATGTGGCAG-3 respectively. The recombinant clones were transformed into BL21 (DE3) pLysS and expression from the constructs pET16b/1.1 and pET28c/3.7 yielded 43 and 137 kDa proteins respectively as visualized by SDS/PAGE. The mutants N65K (Asn 65 → Lys), N69K, N96K, D130G and G140D were reconstructed in the plasmid pET16b/1.1 by oligonucleotide-directed mutagenesis using Quik Change site-directed mutagenesis kit (Stratagene, La Jolla, CA, U.S.A.) following manufacturer's instructions. Primers used to construct the mutations are: N65K, 5 -GACGAAATACTGCTCAAGGCGGCGG-ACAACATC-3 and 5 -GATGTTGTCCGCCGCCTTGAGCAG-TATTTCGTC-3 ; N69K, 5 -CTCAACGCGGCGGACAAGATC-AACAACAGTAAA-3 and 5 -TTTACTGTTGTTGATCTTGT-CCGCCGCGTTGAG-3 ; N96K, 5 -GAGATCACGGTCGAGA-AGGACGGGGCTGGCCTC-3 and 5 -GAGGCCAGCCCCGT-CCTTCTCGACCGTGATCTC-3 ; D130G, 5 -TCGAACTACA-ACAACGGCTCGACGTCGACGACA-3 and 5 -TGTCGTCG-ACGTCGAGCCGTTGTTGTAGTTCGA-3 ; G140D, 5 -ACAG-CGGGTCGGCACGACTACGGCGCCAAGCTG-3 and 5 -CA-GCTTGGCGCCGTAGTCGTGCCGACCCGCTGT-3 . The constructs were sequenced to confirm the mutations.
Expression and purification of N-terminal domain of LdTOP2
Purification of the N-terminal His-tagged proteins was done as follows. Briefly, the cells containing the plasmids pET16b/1.1 and pET28c/3.7 were induced at A 600 0.6 with 0.5 mM IPTG (isopropyl β-D-thiogalactoside) at 22
• C for 10 h. The cells were harvested and resuspended in phosphate buffer (pH 7.8) containing 300 mM NaCl, 200 µg/ml lysozyme, 0.1 % Triton X-100, 0.25 % Sarkosyl and 1 mM PMSF. Final lysis was achieved by sonication on ice and the lysate was cleared by centrifugation at 11 000 g in an SS34 rotor for 20 min. The cleared lysate was passed through an Ni-NTA (Ni 2+ -nitrilotriacetate) agarose column (Qiagen, Chatsworth, CA, U.S.A.). After washing with phosphate buffer (pH 7.8) containing 300 mM NaCl and 30 mM imidazole, elution was done using 250 mM imidazole. For further purification, the fractions were pooled from the Ni 2+ column and dialysed and loaded on to a 2 ml packed phosphocellulose column (P11 cellulose; Whatman International, Maidstone, Kent, U.K.). The column was washed with 10 ml of wash buffer (50 mM Tris/HCl, pH 7.5, 0.5 mM EDTA and 20 %, v/v, glycerol) containing 600 mM KCl and finally eluted with the same buffer containing 800 mM KCl. After elution, the peak fractions were dialysed overnight against storage buffer containing 10 mM Tris/HCl (pH 7.8), 100 mM NaCl, 5 mM MgCl 2 , 1 mM PMSF and 15 % glycerol and stored at − 70
• C until further use. To purify the proteins from polyacrylamide gels, the purified 43 kDa protein was subjected to SDS/PAGE (12 % polyacrylamide). A section of the gel was stained and the corresponding band of interest was excised from the remaining (unstained) portion of the gel and the protein was electroeluted in a buffer containing 50 mM Tris/HCl (pH 7.5), 1 % SDS, 5 mM DTT (dithiothreitol), 150 mM NaCl and 100 mM EDTA per 0.1 g of wet gel slice at 4
• C. The protein was precipitated by the addition of an equal volume of acetone and kept at − 20
• C for 1 h. The precipitated protein was collected by centrifugation at 17 000 g in an SS34 rotor for 30 min. The resultant pellet was resuspended in 50 mM Tris/HCl (pH 7.8), 100 mM NaCl and 8 M urea and refolding was achieved by overnight dialysis in the abovementioned dialysis buffer.
ATPase assay
ATPase measurements were carried out by the pyruvate kinase/ lactate dehydrogenase assay described previously [8] with the following modifications. Reaction mixture (1 ml) contained 0.1 mM NADH, 2 mM phosphoenolpyruvate, 3 units of pyruvate kinase and 4 units of lactate dehydrogenase. Reactions were initiated by mixing the reaction mixture and ATP both preequilibrated to 30
• C. Decrease in NADH concentration was monitored by measuring the absorbance at 340 nm in a UV-visible spectrophotometer (Shimadzu, Columbia, MD, U.S.A.). All assays were performed in triplicate. The K m and V max values were determined from the double-reciprocal plots and the K i value was calculated from the following equation:
where K m (obs) is the Michaelis-Menten constant in the presence of the inhibitor, K m app is the Michaelis-Menton constant in the absence of the inhibitor, [I] is the concentration of the inhibitor and K i is the inhibitory constant. • C. DMS (dimethyl suberimidate; 4 µg/ml) was added and the incubation was continued for 4 h at 30
• C. Samples were subjected to SDS/ PAGE (10 % polyacrylamide) and analysed by Western blotting using a rabbit polyclonal antibody raised against the 43 kDa protein [4] .
Molecular modelling
The model of the N-terminal 43 kDa fragment of LdTOP2 was based on the available crystal structure of the ATP-binding domain of GyrB from Thermus thermophilus [PDB (Protein Data Bank) accession no. 1kij]. Prediction of the three-dimensional structure of the N-terminal domain of LdTOP2 and its binary complex with ATP was done on the basis of knowledge-based homology modelling using Insight II 2000 of Accelrys (San Diego, CA, U.S.A.) and ABGEN [12] and our in-house package of MODELYN and ANALYN (MODELYN, a molecular modelling program; version PC-1.0; Indian Copyright no. 9/98, 1998, developed by C. Mandal) in UNIX as well as MS Windows environment. The structure of etoposide was built using the program 'Builder' module of Insight II followed by energy minimization and molecular dynamics using 'Discover' module and Cff91 force field on a Silicon Graphics ® OCTANE workstation. The initial docking of etoposide into the ATP-binding pocket of LdTOP2 was made manually by superimposing the ribose moiety of ATP with the benzene ring of the drug. Energy minimizations and molecular dynamics were performed to get the most stable structure. For all energy minimizations, a combination of steepest and conjugate gradient methods (100 steps each) was used with a convergence criterion of 0.001 kcal/mol (1 cal = 4.184 J). These steps were repeated until satisfactory conformational parameters were obtained. While carrying out energy minimization and molecular dynamics of complexes, positional constraint was applied to all residues which were more than 10 Å (1 Å = 0.1 nm) away from the ligand. Secondary structures were predicted from sequences using SPOM and analysed using MODELYN and RIBBONS.
RESULTS
Cloning and purification of the N-terminal fragment of LdTOP2
ATP binding and hydrolysis by topoisomerase II is known to mediate sequential conformational changes in the enzyme, reaching from the N-terminal clamp to the C-terminal dimerization region [14] . To investigate the biochemical properties associated with the GyrB homologue of LdTOP2 ( Figure 1A) , we cloned the N-terminal 1-385 amino acids of LdTOP2 in pET16b, and for comparison with the full-length enzyme, the wild-type LdTOP2 (1236 amino acids) was cloned in pET28c. The resultant clones pET16b/1.1 and pET 28c/3.7 were transformed in BL21 (DE3) plysS and induced with 0.5 mM IPTG. Purification of the 43 kDa protein is shown in Figure 1(B) .
Properties of the 43 kDa protein
The ATPase activity of the 43 and 137 kDa proteins were quantified by PK/LDH-linked enzyme assay (Figure 2A ) at a fixed substrate concentration. The ATPase activity of the two proteins was investigated as a function of enzyme concentration and found to exhibit a linear dependence of rate on enzyme concentrations in the range 5.8-140 nM. At higher enzyme concentrations, the rate of ATP hydrolysis reaches a plateau because of the unavailability of the substrate (ATP). Typically, 10 nM of the 43 kDa protein was found to have an activity of 50 nM/s (Figure 2A ). This behaviour is in marked contrast with that of the 43 kDa N-terminal domain of GyrB, which exhibits a nonlinear dependence of the ATPase rate on enzyme concentration [8] , whereas the N-terminal domain of human topoisomerase II also exhibits a linear dependence on enzyme concentration [10] . Interestingly, the ATPase activity of the 43 kDa protein remains unchanged in the presence of DNA, whereas, in contrast, the activity of the 137 kDa protein is enhanced by 2-fold in the presence of DNA ( Figure 2B ).
As a function of the substrate (ATP) concentration, the rate of ATP hydrolysis by the 43 kDa protein shows a hyperbolic dependence ( Figure 2C ), indicative of Michaelis-Menten kinetics. The values of K m app (0.33 mM) and V max app (833 nM/s) were determined from these data ( Figure 2C, inset) . To address the issue whether the ATPase activity was intrinsic to the N-terminal domain of LdTOP2 and was not attributable to some contaminating protein, the purified 43 kDa protein was applied to an SDS/polyacrylamide gel and the protein band was excised and refolded as described in the Materials and methods section. The ATPase activity of this refolded protein was essentially unchanged (Figure 2C ). In addition, the induced bacterial cell extract harbouring pET16b when passed through an Ni-NTA agarose and phosphocellulose column, as described for the overexpressed 43 kDa protein, failed to show any ATPase activity (results not shown).
The optimal conditions for the ATPase reactions were explored. Over a range of pH values (6.8-8.8), we found the optimum pH to be 7.5. The ATPase activity of the 43 kDa protein was Mg 2+ -dependent and the optimum Mg 2+ concentration was approx. 5 mM. At high salt concentrations (100 mM NaCl and 100 mM KCl), the ATPase activity was abolished. So, the following ATPase reaction conditions were used in the experiments described in this paper: 10 mM Tris/HCl (pH 7.5), 50 mM NaCl, 50 mM KCl and 5 mM MgCl 2 .
Dimerization
A salient feature of the ATPase activity of the N-terminal domain of GyrB is its nonlinear dependence on enzyme concentration, an observation that, when coupled with binding and structural data, strongly supports the idea that this domain dimerizes in the presence of nucleoside triphosphate [8, 9, 18] . The observation of a linear dependence of the ATPase rate on enzyme concentration for the 43 kDa protein raised the possibility that dimerization was either not occurring with this fragment or was not the ratelimiting step of the ATPase reaction. To address this issue, we performed cross-linking experiments with this fragment. Figure 3 shows that DMS cross-links higher molecular mass forms of this protein both in the absence and presence of p[NH]ppA, ADP and ATP. There are two visible cross-linked bands in these lanes, having sizes consistent with the dimeric forms of the enzyme. The untreated 43 kDa protein (lane 1) contains a small amount of dimers, which can be attributed to the fact that treatment with SDS does not completely dissociate the dimeric forms. From these data, we suggest that the dimeric form of the N-terminal domain of LdTOP2 is stable both in the absence and presence of nucleotides. 
Effect of drugs on ATPase activity of LdTOP2
Recently, it has been shown that in addition to cleavable complex formation, etoposide inhibits the ATPase activity and competes with ATP for interaction with wild-type and truncated human TOP2α [15, 16] . To address the possibility of an additional drugbinding site on the N-terminal domain of LdTOP2, we have studied the effect of etoposide on the ATPase activity of the truncated LdTOP2. Etoposide is an effective inhibitor of the ATPase activity of the 43 kDa protein ( Figure 4A ). At a concentration of 10 µM, etoposide inhibited the rate of enzyme-catalysed ATP hydrolysis by approx. 73 % with a K i of 1.97 µM, but complete inhibition of ATPase activity was not apparent even at 50 µM drug concentration (results not shown). Figure 4 (B) shows the doublereciprocal plot of this inhibition. Luteolin, a naturally occurring flavonoid, and DHBA (dihydrobetulinic acid), a derivative of pentacyclic triterpenoid, have been reported to show anti-leishmanial activity mediating its effect through topoisomerases of the parasite [17] . The effect of these drugs on the ATPase activity of the N-terminal domain of LdTOP2 was investigated. It was observed that DHBA does not interfere with ATP hydrolysis even at 400 µM concentration, whereas luteolin at 20 µM concentration was found to inhibit the rate of enzyme-catalysed ATP hydrolysis by 57 % ( Figure 4C ).
Modelling of the ATP-binding pocket of LdTOP2
In order to study the N-terminal fragment of LdTOP2, the amino acid sequence of the 43 kDa protein was compared with that of Homo sapiens, Escherichia coli and T. thermophilus using CLUSTAL W. Figure 5 shows the regions of alignment of the N-terminal fragment of LdTOP2 with that of the above three species. The N-terminal 43 kDa protein of LdTOP2 shares a similarity of 48, 53 and 55 % with the N-terminal domain of human topoisomerase IIα and GyrB from E. coli and T. thermophilus respectively. The model of the N-terminal 43 kDa protein of LdTOP2 was constructed using the crystal structure of the entire N-terminal domain of GyrB (43 kDa) from the thermophilic bacteria T. thermophilus (PDB accession no. 1KIJ) with p[NH]ppA and novobiocin [11] . The most reliable homology model generated for the parasite protein comprises 357 amino acids (starting from 29 to 385 amino acids) and shows rootmean-square deviation from standard bond length of 0.0269 Å and from standard bond angle of 3.36
• . The structure reveals that the parasite protein can be divided into an N-terminal and a C-terminal domain separated by a hinge. The N-terminus contains a seven-stranded β-sheet and two long and three short α-helices. The C-terminus comprises one four-stranded β-sheet and two long and one short α-helices. The strand connectivity is also rather unusual. The whole structure is tightly folded with short connecting regions between the secondary structural elements ( Figure 6A ).
There are several hydrophobic amino acids that line the ATPbinding site. Figure 6B ). Asn 65 , although it does not form any hydrogen bond with ATP, is found to be present in close proximity of the molecule. To test the relevance of the modelling data, we have introduced point mutations in the ATP-binding domain of LdTOP2, thereby changing residues that were predicted to be involved in ligand binding. Three point mutations (N65K, N69K and N96K) were introduced in the ATP-binding pocket in which the neutral amino acids were replaced with basic ones, the prediction being that both positive charge and bulkier side chain of the latter would interfere with the binding of ATP to these residues. Based on the unexpected antagonism between ATP and etoposide for binding with the N-terminus of topoisomerase II, we examined how etoposide might fit into this small, well-structured domain, by molecular docking analysis. First, etoposide was built using INSIGHT and its most stable conformation was analysed using molecular dynamics simulation and energy minimization. Due to covalent and steric constraints, etoposide preserves a cross-shaped structure with one axis made of sugar and 4-hydroxy 3,5-dimethoxy phenyl groups and the other axis formed by the 4-ringed moiety (results not shown). The planar shape of the ringed moiety is conserved among many topoisomerase II inhibitors. Docking of etoposide in the ATP-binding pocket revealed a good fit. Figure 6C ), which collectively contribute to four stabilizing hydrogen bonds to the drug. Point mutations were introduced in the amino acids (N65K and D130G) of the ATP-binding pocket involved in interaction with etoposide. Asp 130 , although not visible in Figure 6 (C), is present in close proximity to the drug. Finally, as a general control for the validity of the molecular substitution technique and the predicted structure, Gly 140 of the walker motif was replaced with Asp. If our modelling of the protein is correct, then G140D should affect the binding of ATP. All the mutant proteins were expressed in E. coli and purified to homogeneity just like the wild-type protein ( Figure 7A, inset) . To compare their activities, assays were performed as described above. As for the mutations N69K, D130G and G140D, substantial reduction in the ATPase activity were found, but no reduction in the ATPase activity was detected for the other two mutations N65K and N96K ( Figure 7A) . Moreover, the activity of the protein containing N65K and N96K mutations were not inhibited by etoposide, reflecting their inability to interact with the drug (Figure 7B ) in the same way as mutation of E155F and K123A alters the etoposide binding ability of human topoisomerase II but does not change ATP binding [15] .
DISCUSSION
A key question in understanding the mechanism of action of topoisomerase II is to elucidate the role of ATP binding and hydrolysis in the overall process of DNA-strand passage reaction. In the present study, we report for the first time the kinetics of ATP hydrolysis by the N-terminal domain of LdTOP2. We have constructed N-terminal truncation mutant of LdTOP2 and studied the ATPase activity associated with this fragment. The data presented in this paper show conclusively that the ATPase activity resides within the 43 kDa N-terminal fragment of the LdTOP2 protein. We have found that ATP hydrolysis by the parasite protein follows Michaelis-Menten kinetics having a K m of 0.33 mM. This result is consistent with that obtained from the 52 kDa N-terminal fragment of human TOP2α [10] but is in contrast with the kinetics of ATP hydrolysis by the N-terminal ATPase domain of GyrB (43 kDa) that is distinctly non-Michaelian [8] . Thus the K m value of the ATPase domain of the parasite protein is in keeping with the K m values of 0.3 and 0.47 mM calculated for the ATPase activity of yeast and human topoisomerase II in the absence of DNA [10, 19] . This suggests that substrate binding may remain unaffected whether the ATPase domain is a part of the holoenzyme or exists by itself.
The most striking difference between the ATPase activities of the N-terminal domain of L. donovani and human topoisomerase II is that the activity of the parasite protein does not get stimulated in the presence of DNA [10] . No direct evidence for the interaction of the ATPase domain of GyrB with DNA exists. It is predicted that stable binding of DNA by the 43 kDa domain of GyrB occurs only in the context of A 2 B 2 tetramer [8] , where the principal interaction between the A and B proteins is via the C-terminal 47 kDa fragment of B protein, which in the presence of the A subdomain forms a complex capable of relaxing DNA [20, 21] . For the 43 kDa N-terminal fragment of LdTOP2, we did not detect any DNA dependence of ATPase activity under the given assay conditions. In the case of amino acid residues 1-409 of yeast topoisomerase II, it has been observed that there is a lack of ATPase stimulation by DNA in 100 mM salt concentration, which led to the interpretation that direct interaction between DNA and ATPase sites of a type II DNA topoisomerase is not important in the catalysis of ATP hydrolysis [22] . Studies on human topoIIα also suggest that the magnitude of DNA stimulation of ATPase activity is dependent on the size of the N-terminal fragment [22] [23] [24] . In keeping with this, we have also observed that the N-terminal domain of LdTOP2 is DNA-independent, whereas the full-length enzyme exhibits DNA-dependent ATPase activity. Another property of the N-terminal domain of LdTOP2 is that it exists as a dimer, like the N-terminal fragment of human topoisomerase IIα [10, 25] . This property is strikingly different from that observed in the case of gyrase where dimerization occurs only in the presence of nucleoside triphosphate [8] [9] [10] . In Leishmania, the existence of the protein as a dimer is consistent with the linear dependence of rate on enzyme concentration, i.e. no dimerization step is detectable in the kinetics of ATP hydrolysis. Moreover, it has been proposed that the eukaryotic domain forms a stable dimer through its interaction at its C-terminus, such that it does not dissociate during the ATP binding and hydrolysis cycles that result in clamp opening and closing. As a consequence, the N-terminal fragment behaves as a permanent dimer and shows ATPase kinetics that is not dependent on a dimerization step [10] .
Much evidence has led to the notion that the catalytic site of topoisomerase II plays a key role in drug protein interaction in which the central catalytic core of topoisomerase II is sufficient to form a stable complex with a DNA double-strand break in response to bisdioxopiperazines and epipodophyllotoxins [26] . Very little is known about the effects of DNA cleavage-enhancing drugs on any step of topoisomerase II catalytic cycle other than cleavage-religation [27, 28] . Genistein and other flavone-based compounds, which are inhibitors of the cleavage activity of the topoisomerase II, also interact with the ATP-binding site of tyrosine kinases [29] [30] [31] [32] . The ATPase activity and double-stranded DNA unwinding activities of replicative helicase Rep A has been found to be inhibited by luteolin [33] . Moreover, eukaryotic topoisomerase II as well as B subunit of gyrase share the same consensus of ATP-binding motif with protein kinases [32] . It is possible that these and other topoisomerase II-targeted agents might alter the interaction of the enzyme with its high-energy cofactor. Therefore the effects of DNA cleavage-enhancing enzymes on the ATPase activity of topoisomerase II were examined. Consistent with these facts, the ATPase activity of the 43 kDa protein was inhibited by luteolin.
Etoposide and teniposide are successful anticancer agents that target human topoisomerase II. In Trypanosoma equiperdum, it has been reported that etoposide induces topoisomerase IImediated cleavable complex formation [7] . There is evidence that etoposide binds competitively to the ATP-binding site of human toposiomerase II [15, 16] . Several point mutations have been identified within the ATP-binding pocket of human topoIIα that lower the affinity of etoposide in vitro [15] . Another study has also shown that expression of the wild-type and N-terminal human topoisomerase IIα in yeast enhances drug resistance in vivo [16] . Consistent with this, we have found that etoposide inhibits the hydrolysis of ATP by the N-terminal domain of LdTOP2 ( Figure 4C ).
Recent evidence suggests that there may be sufficient conservation in the ATP-binding domain of topoisomerase across different kingdoms [34] . So, to understand better the interaction of the N-terminal domain with etoposide, we have performed molecular modelling of this domain. The modelling studies predicted that specific amino acid residues like Asn 65 , Asn 69 , Asn 96 and Asp 130 are involved in the interaction with ATP and etoposide. Point mutations were introduced into the ligandbinding pocket in the amino acids involved in interaction with the ligand and the drug. The results suggest that these mutants confer etoposide resistance in part because of the failure of the mutant proteins to interact with the drug. Moreover, these results support the hypothesis that residues Asn 65 and Asn 96 help to stabilize etoposide without being directly implicated in the correct coordination of ATP. Consistent with the prediction that Gly 140 will contact ATP and not the drug, we found that substitution of Asp for Gly 140 interferes with the interaction with ATP. In summary, our results provide the first information of its kind about the N-terminal domain of topoisomerase II from a kinetoplastid parasite. We also provide information about the interaction of the N-terminal domain of LdTOP2 with etoposide, the catalytic inhibitor of topoisomerase II. We have identified a drug-binding site in the N-terminal domain of LdTOP2 in addition to the high-affinity drug-binding site in the core domain. The complexes of the N-terminal domain of LdTOP2 with ATP and etoposide reveal the structural background of competitive inhibition with ATP. This knowledge will allow the structurebased designing of novel inhibitors in the foreseeable future. 
